ABSTRACT: Measurements were made of resource availabihty and the filtration rate and particle retention efficiency of mussels M y t h s edulis L. from an estuarine site on the River Lynher and from an open coastal site at Whitsand Bay, Cornwall, UK. Small cocci of 0.25 km, large cocci of 0.56 pm and small rods of 0.725 pm mean spherical diameter comprised 87 % of the free-living bacterial population at Whitsand Bay and 86% in the Lynher estuary during September 1984. Free-living bacteria represented only 5 % of the carbon and 9.7 and 11 3 O/O respectively of the nitrogen potentially available for exploitation as a food resource in the water column at the estuanne and open coast sites. Weightspecific clearance rate of particles > 12.7 km diameter by M. edulis from the Lynher estuary was approximately 2.5 1 g-' h-' at 14'C whdst that for mussels from Whltsand Bay was 2.6 1 g-' h-'. Relative retention efficiency of particles was generally similar for mussels from the 2 sites, declining to ca 28 O/O for natural bacterioplankton of 0.513 to 0.524 pm mean spherical diameter. These results suggest no significant intraspecific differences in filtration rates or relatlve particle retention efficiencies, for mussels from the 2 sites, in spite of major differences in partlcle concentrations at the sites. Although ca 65 O/O of the natural bacterioplankton were cleared from the expenmental vessels after 335 min at 14 'C, carbon and nitrogen yield from bacterioplankton at natural concentrations is likely to be small. The complete particle spectrum, represented by living phytoplankton cells, detritus and bacterioplankton, would need to be exploited by the Whitsand Bay population of mussels to sustain carbon and nitrogen demands since the total yleld from all particulate size classes was only 713 ug C h-' and 78 pg N h-' compared with an estimated minimum requirement of 737 pg C h-' and 45.5 ug N h-'. The total carbon and nitrogen resource in the Lynher estuary was well in excess of the estimated requirements of the mussels. However, it is estimated that the free-living bacterial resource would contribute only 4.2 % to the carbon budget and 17 % to the nitrogen budget of the Lynher estuary mussels compared with 1.6 and 7 % respectively of that of the open coast mussels. These results suggest that mussels from both the estuarine and coastal sites utilize phytoplankton or similar sized particles as a primary nutritional resource, although in other systems where bacterial standing stocks are high relative to other particulate resources, bacterioplankton may make a more important contribution to the carbon and nitrogen requirements of filter-feedmg organisms.
INTRODUCTION
There have been numerous studies on the filtration rates and particle retention efficiency of marine bivalves (for reviews, see Jargensen 1960 , 1975a , Bayne 1976 , l a r b o e & Merhlenberg 1981). In general, particles > 3 pm in diameter are efficiently retained, although in some bivalves such as Pecten sp. which lacks eulatero-frontal cilia, the filtration efficiency O Inter-ResearchIPrinted in F. R. Germany declines when the particle diameter is < 7 pm and falls to only 20 '10 at 1 pm (Mahlenberg & Riisgdrd 1978) . Data for the mussel Myllus edulis support these results for other bivalves, with a marked decline in filtration efficiency occurring in the presence of particles of < 2 pm diameter (Vahl 1972) . Jargensen (1975b) found that the retention efficiency of particles of 1 to 2 pm diameter by M. edulis was below 30 to 70 % of that for 6 pm particles.
Several studies have attempted to relate the abundance of different particulate size fractions to the consumption requirements of bivalves. Stuart & Klumpp (1984) showed that the mussels Aulacomya ater, Choromytilus meridionalis and Perna perna' were each capable of retaining particles of 2 to 3 p. m with a high efficiency, but that the retention efficiency of 0.6 pm cells dropped to approximately 20 O/O. The < 1 pm size fraction was estimated to be capable of meeting 5 to 21 % of the carbon requirements of the bivalves, although other components of a kelp bed community, such as the sponges, were capable of meeting their entire carbon requirements by utilizing parhcles of < 1 pm diameter.
More recently, Seiderer & Newell (1985; see also Seiderer et al. 1984) have made some estimates of the significance of phytoplankton, plant detritus and bacteria as carbon and nitrogen resources during the upwelling-downwelling cycles which characterize kelp beds in the Southern Benguela upwelling system. Their results support those of Stuart & Klumpp (1984) and show that particles in the bacterial size range are inefficiently retained by the kelp bed mussel C h o r o m m u s meridionalis. Despite this, the standing stocks of free-living bacteria were comparable to the phytoplankton as a nitrogen resource during upwelling phases. These studies thus suggest that the bacterial resource is significant, but that it is probably exploited mainly by filter-feeders other than bivalves, especially in habitats where the phytoplankton biomass is high.
There have, however, been some studies which show that bivalves which live in habitats where the bacterial biomass is high may be specifically adapted to exploit the bacterial size fraction. Wright et al. (1982) studied the clearance of natural bacterioplankton and phytoplankton by Mytilus edulis, the saltmarsh mussel Geukenisia demissa and the clam Mya arenaria. They showed that of the 3, only G. demissa was capable of efficient clearance of bacteria, an adaptation which may allow the mussel to exploit the enhanced bacterial populations associated with saltmarshes (Palumbo & Ferguson 1978) . Again, Schleyer (1981) showed that there was a fall in the number of free-living coccoid bacteria as water flowed across a reef off the Natal coast of South Africa where the mussel Perna perna was abundant. Berry & Schleyer (1983) subsequently showed that this mussel is able to retain particles down to <0.46 pm in diameter. This is roughly equivalent to the mean size of the free-living coccoid bacteria whose production was at least 4 times that of the phytoplankton in the water column of the study area.
' This species has subsequently been ~dentified as MyMus gaUoprovincialis by Grant & Cherry (1985)
The following work was undertaken on 2 different populations of the mussel Mytilus edulis, one of which lives in the Lynher estuary and the other at an open coastal site at Whitsand Bay, Cornwall, UK, to determine the extent to which the filtration efficiency is related to the differing particle size spectra occurring in their natural habitats. Mussel populations are known to differ in their physiological responses to a variety of environmental factors (Bayne & Widdows 1978 , Widdows 1978 , Bayne & Worrall 1980 , Widdows et al. 1984 , but little is known of the food resource availability or whether there is an intraspecific adaptation by the estuarine population to exploit the elevated standing stocks of bacterioplankton which often characterize estuarine environments.
MATERIALS AND METHODS
Experimental procedure. Lynher mussel population. Specimens of the mussel Mytilus edulis L. were collected intertidally from Jupiter Point on the h v e r Lynher estuary, Cornwall, UK, on 14 September 1984 just prior to the incoming tide reaching them, and were immediately transported to the laboratory where epiphytes and epifauna were removed. Ten mussels were then placed individually in 2.01 beakers containing 2.01 of 200pm filtered seawater whlch had been collected at the same time as the experimental mussels, and were held at 14 "C in a constant temperature room. This was within the ambient daily temperature range recorded for the 2 sites at this time of the year, as Bayne & Widdows (1978) also noted. Each vessel, including a control beaker containing 200 pm filtered seawater, was gently aerated. Samples of 40 to 50ml were then removed for Coulter counting and 20ml for bacterial acridine orange direct counts (AODC) at time zero and after 30, 60, 105, 140 and 335min. The shell length, breadth and dry tissue weight of each of the experimental mussels was recorded at the end of the experiment, and the results for each individual expressed per mg dry flesh weight. The mean shell length of the mussels was 4.821 t 0.188 cm, shell breadth was 2.345 ? 0.112 cm, and dry flesh weight was 1.306 f 0.220 g.
Whitsand mussel population. A similar series of experiments was camed out on mussels collected from an open coastal site at Whitsand Bay, Cornwall. Mussels and seawater were collected on 15 September 1984 from rocks at low tide and transported immediately to the laboratory, cleaned and placed in 21 vessels held at 14 'C as before. Samples of 40 to 5Oml for Coulter counting and 20ml for bacterial counts (AODC) were then taken from the control vessel and from each of the 10 experimental vessels containing mussels at time zero and for up to 135 min. The mean shell length of the 10 mussels was 4.286 f 0.150cm, shell breadth was 1.943 * 0.260 cm and mean dry flesh weight was 0.471 f 0.104 g.
Seawater sampling. Water samples were taken hourly by diving over the mussel bed in the Lynher estuary during a 12 h tidal cycle on 11 September 1984, starhng at 0700 h when the water was high. Subsamples of 20 m1 were then placed in autoclaved scintillation vials with l m1 25 % glutaraldehyde for bacterial counts. Further subsamples were transported to the laboratory for Coulter counting, and 200ml was filtered on site through 25 mm GF/F Whatman filters for CHN analysis.
Particle counts. Particle counts in the seawater at the start of the experiment, and for up to 335min, were made with a Coulter Counter (Model TA 11) equipped with 2 aperture tubes (70 and 280 pm) and a population accessory, interfaced with an Apple IIe micro-computer. The Coulter Counter was active from 1.58 to 102 pm particle size diameters with overlap between the 2 aperture tubes at 12.7 pm particle diameter. Bacterial sized particles were therefore excluded from the Coulter counts. Bacteria were counted by the AODC technique of Hobbie et al. (1977) and were classified into 7 morphs (Painting et al. 1985) whose dimensions and relative abundance ylelded a weighted mean spherical diameter for the population. Both the Coulter and AODC counts were corrected for the control counts. The biomass was then calculated from the weighted mean cell volume using a specific gravity of 1.1 g cm-3 (Luria 1960 , Doetsch & Cook 1973 ; see also Linley et al. 1981 ) and a dry:wet ratio of 0.2 (Luria 1960 ). The carbon equivalent was then calculated as 50 % of the dry biomass (Luria 1960 , Doetsch & Cook 1973 , and the result converted to the nitrogen equivalent using a bacterial C/N ratio of 4.0.
CHN analysis. Samples of 200ml seawater were filtered through 25mm Whatman GF/F filters which had been previously ashed at 450 "C for 6 h. The filters from samples which had been filtered in the field were stored on ice and then oven-dried at 50°C for 12 h before being analysed with a Heraeus elemental analyser using cyclohexanone (10.14 % N; 51.79 % C) as a standard (Monar 1972) .
Estimation of clearance rate. The clearance of particles in each of the size fractions, including bacteria, was estimated following the method of Coughlan (1969) 
where m = filtration rate (1 h-'); M = volume of suspension (1); Conc. t1 = concentration at time tl; Conc. t2 = concentration at a subsequent time tZ; and n = number of individuals (i.e. 1 in this case).
At the natural food concentration used, there was no visible production of faeces or pseudofaeces. Resuspension of bioseston as reported by Hildreth (1980) was thus unlikely to have introduced an error into the estimates over the time course of our experiments. Estimates were made of the clearance rate from time zero to 30min, from 30 to 60 min and from 60 to 105 min in each particle channel and for each of the 10 experimental mussels. Simultaneous estimates of the clearance rate in each particle size thus avoided some of the problems associated with the measurement of clearance rate from mixed particle size spectra, and allowed us to calculate the relative significance of each particle size fraction independently (Williams 1982). The rates of particle clearance were then corrected for the control values, and calculated per mg dry tissue of each experimental mussel. These values (1 h-' [mg dry flesh]-') were then expressed as the rate for a l g dry tissue weight mussel using a weight exponent of 0.34 (Bayne & Widdows 1978) .
RESULTS

Resource availability
The particulate resources in the water column at the Jupiter Point site on the Lynher estuary and at the open coastal site at Whltsand Bay, Cornwall, were assessed in terms of bacterial numbers, particle concentration and the equivalent carbon and nitrogen. The carbon and nitrogen in the particulate fraction between 1.58 and 40.3 Km diameter was calculated from the CHN analysis of the total particulate fraction and the relative volume of particles in each channel, assuming that the C/N ratio is independent of particle size.
The relative proportions of bacterial morphs, their mean spherical diameter and the weighted mean diameter of the populations in seawater from Jupiter Point and Whitsand Bay are shown in Table 1 . From this, the weighted mean diameter of the Lynher estuary bacteria was estimated to be 0.524 p m and that of the Whitsand Bay bacteria to be 0.513 pm. There were few obvious differences in size or composition of the free-living bacterial communities from each site, the most common components being small cocci of 0.25pm, large cocci of 0.56pm and small rods of 0.725 km mean spherical cllameter. These together comprised 87 % of the free-living bacterial population at Whitsand Bay and 86 % of that in the watdrs of the Lynher estuary. Table 2 shows the bacterial numbers and the carbon and nitrogen in the particulate matter filtered from 200ml samples through a Whatman GF/F filter at hourly intervals during a tidal cycle at Jupiter Point. ' Calculated from bacterial dimensions given in Painting et al. 1985 The sampling site was exposed for a total of 4 h per tidal cycle, so a series of 4 samples was taken on the ebbing tide by diving over the mussel population, and a further set of 4 was taken on the flood tide. Carbon and nitrogen in the particulate fraction varied somewhat over the tidal cycle, yielding values of 605 to 620 pg C 1-' and 60 to 80 yg N 1-' at high water. These increased to 945 to 995pg C 1-' and 110 to 1451-19 N 1-' as the tide ebbed. The mean particulate carbon resource in the water column, excluding freeLiving bacteria, available for exploitation by the mussels was thus 781.9 + 147.2pg 1-' with a corresponding nitrogen value of 97.4 + 25.4 pg 1-l. The estimates of POM load agree with those obtained by Bayne & Widdows (1978) for the Lynher estuary. Bacterial numbers, however, showed only a small variation over the tidal cycle, ranging from 2.04 X 106 to 3.43 X 106 cells rnl-' and with a mean concentration of 2.75 ? 0.43 X 106 cells ml-l.
The bacterial numbers in seawater collected from the sampling site at low tide and used at time zero in the filtration experiments are summarized in Table 3 . Table 3 . The particulate load in the water column of the Lynher estuary is evidently h g h , with maximum carbon in the 8.0pm diameter fraction. The total resource amounted to 839.9 pg C 1-' and 107.7 pg N1-'. Of this, bacteria represented only 5 Yo of the carbon and 9.7 % of the Table 2 . Bacterial numbers and carbon and nitrogen in the particulate fraction retained on Whatman GFIF filters at hourly intervals during a tidal cycle at Jupiter Point on the Lynher estuary, Cornwall, UK, on 11 Sep 1984. The intertidal site was exposed for 4 h during the tidal cycle. Bacterial numbers and CHN data for water from the coastal site at Whitsand are also given Table 3 . Mytilus edulis. Clearance rate (1 h-' g-l) and particle retention efficiency (%) between 30 and 60 min for mussels collected from Jupiter Point on the Lynher estuary, Cornwall, UK, on 14 Sep 1984. Results for retention efficiency have been expressed as a percentage of the retention of particles of 16.0pm diameter, assuming the latter to be retained wlth 100 % effiaency. Resource availability in the natural water used in the experiments at time zero is shown as particle concentration (no. rnl-') and as carbon and nitrogen (pg I-'). These have been calculated for the bacteria using a C/N of 4.0. The carbon and nitrogen in the other particles is calculated from the CHN of the particulate fraction (C/N = 8.02; Table 2 ) and the relative percentage volume of particles in each channel, assuming that C/N is independant of particle size. Yield has been calculated from the clearance rate of 2.604 I h-' at 100 % efficiency, the retention efficiency and the resource avilability in each size fraction. Table 2 ). The free-living bacterial numbers were 1.38 ? 0.157 X 106 cells ml-l, yielding a wet biomass of 165.0 f 34.3 pg 1-l. The bacterial carbon resource thus comprised 16.5 k 3.43 yg 1-' and 4.13 f 0.86 yg N 1-' assuming a C/N of 4.0. The total resource potentially available at the open coastal site was thus considerably lower than in the estuary (ca 40 %), amounting to 331.3pg C I-' and 36.41 pg N I-'. Of this, free-living bacteria represented approximately 5 % of the carbon and 11.3 O/ O of the nitrogen in the water column. It is important to note that despite the differences in total particle load between the 2 sites, bacteria represented approximately 5 % of the carbon for each site. It is well known that bacterial densities are closely correlated to chlorophyll a concentrations (Lancelot & Bdlen 1984) and also to POC concentration (Lucas 1986 ). Except in special circumstances (e.g. upwelling areas, Seiderer & Newell 1985) bacterial carbon is always likely to be < l 0 % of the total carbon in surface waters. As most bactena are free-living (Joint & Morris 1982) , exploitation of this resource requires a specific abllity to remove particles within this size range. However, where bactena are attached to larger suspended particles they may become available to other consumers and furthermore, enrich the particle resource (Newell 1965) .
Filtration by mussels
Clearance rates (at 14°C) for each of the 3 time intervals (0 to 30, 30 to 60 and 60 to 105 mins) did not vary by more than approximately 20 % for any particle size. Nevertheless the first (0 to 30 mins) and last (60 to 105 mins) intervals gave generally lower rates than the intermedate interval. For the initial period, lower rates were recorded because the mussels did not always open immediately and in the last period, low rates were associated with low particle concentrations Table 4 . Mytilus edulis. Clearance rate (1 h-' g-') and particle retention efficiency (%) between 30 and 60 rnin for mussels collected from an open coastal site at Whitsand Bay, Comwall on 15 Sep 1984. Results for retention efficiency have been expressed as a percentage of the retention of particles of 10.1 pm diameter, assuming the latter to be retained with 100 O h efficiency. Resource availability in the natural water used in the experiments at time zero is shown as particle concentration (no. ml-l) and as carbon and nitrogen (pg I-'). These have been calculated for the bacteria using a C/N of 4.0. The carbon and nitrogen in the other particles is calculated from the CHN of the particulate fraction (C/N = 9.76; Table 2 ) and the relative percentage volume of particles in each channel, assuming that C/N is independent of particle size. Yield has been calculated from the clearance rate of 2.56 1 h-' at 100 O/ O efficiency, the retenhon efficiency and the resource availability in each size fraction.
Results when as much as 75% of the parhcles had been removed (see Fig. 1 & 2) . Clearance rates given are therefore calculated for the interval 30 to 60 min. Rates were then expressed as 1 [g dry tissue]-' h-' corrected for a 1.0 g mussel using a weight exponent of 0.34 after Bayne & Widdows (1978) . The results for mussels collected from the Lynher estuary are summarized in Table 3 . Also shown is the relative retention efficiency of particles in each size class. Because of increased variabhty and error in calculating clearance rates from channels containing small numbers of large particles, the results have been expressed as a percentage of the retention of particles of 16.0pm diameter, and it has been assumed that all particles larger than this are retained with 100 O/O efficiency. It is apparent from Table 3 that the weightspecific clearance rate of particles >16.0 pm diameter by Mytdus eduhs from the Lynher estuary site was approximately 2.5 1 [g dry tissue]-' h-' at 14°C. This result agrees with those reported elsewhere for M. edulis from the Lynher estuary (Bayne & Widdows 1978 ).
It will also be noticed that the particle retention efficiency declined from a nominal 100 % in the presence of particles >16.0pm diameter to 82 % in the 2.Opm size range. The retention efficiency then declined to 57 % in the 1.58 pm size range and was 28 % in the presence of natural bacterioplankton of weighted mean spherical cell diameter 0.524pm.
These results conform with those reported for M w u s edulis by Vahl (1972) and Jsrgensen (1975b) who also found a reduction in retention efficiency when the particle diameter was < l to 2 pm (see also Stuart & Klumpp 1984) .
Similar data for mussels collected from the open shore at Whitsand Bay and measured in the presence of natural water from the site are summarized in Table 4 . In this case, increased variability of the weight-specific clearance rates was encountered in the 12.7 to 40.3 pm particle diameter range when fewer values of clearance rate could be calculated because the concentration at tl was often less than at t2 (see Eqn 1). Values for the relative parhcle retention efficiency were therefore calculated for a nominal efficiency of 100 % in the presence of particles of 10.1 pm diameter. In this case, the weight-specific clearance rate declined from 2.6 to 1.22 1 [g dry tissue]-' h-' in the 2.0pm particle size range, 0.581 g-' h-' in the 1.58 pm range and 0.731 h-' in the presence of natural bacterioplankton of weighted mean spherical cell diameter 0.513 pm.
Values for the weight-specific clearance rates of the mussel populations from the Lynher estuary and from the open coastal site at Whitsand Bay were generally similar over much of the size range of natural particulate material, from bacterioplankton up to particles of 16.Opm diameter. At their maximum retention efficiencies, both mussel populations had very similar clearance rates of approximately 2.6 1 g-' h-'. Differences between the apparent rates in the presence of particles >16.0 pm diameter may be ascribed to the relatively smaller number of particles in this size range (<250 ml-l), and the resultant errors introduced into our experimental determination of clearance rate.
The relative retention efficiency of the mussels collected from Whitsand Bay seems generally somewhat lower than that of the Lynher estuary mussels although the retention efficiency of natural bacterioplankton was very similar (approximately 28 %) for both populat i o n~. Table 4 shows that the retention efficiency for mussels from Whitsand Bay fell from a nominal 100 '10 at 10.1 pm particle diameter to 57.1 % at 2.52 pm, 47.9 O/O at 2.0 pm, 22.6 % at 1.58 pm and was 28.6 % in the presence of natural bacterioplankton of 0.513 pm weighted mean spherical cell diameter.
These results suggest that there are no significant intraspecific differences between the filtration rates or relative particle retention efficiencies of mussels collected from the River Lynher estuary and from the open coastal site at Whitsand Bay, Cornwall, despite the major dfferences in quantities of particulate matter at the 2 sites. In both cases the retention efficiency reaches values of >75 O/O in the presence of parhcles >8.0 pm in diameter which dominate the resource in the 2 habitats. It should be noted however, that a retention efficiency of 23 to 29 % can be achieved in the presence of natural concentrations of marine bacterioplankton of only 0.513 to 0.524 pm diameter.
Relative clearance of particulate matter
The percentage clearance of particles of >12.7 to C102 pm, 5.04 pm, 1.58 pm and natural bacterioplankton from the water in the experimental vessels containing Myllus edulis collected from the Lynher estuary is summarized in Fig. 1 . Similar data for the mussels collected from the open coastal site at Whitsand Bay are shown in Fig. 2 . As might be anticipated from the relation between clearance efficiency and particle size shown in Tables 3 & 4, large particles are removed rapidly, 75 to 85 % of those >5.04 pm diameter being removed in 90 min. Smaller particles of 1.58 pm are cleared at a slower rate, 40 to 60 % being removed after 90 min incubation at 14 "C. Finally, because of the lower relative retention efficiency of bacteria, only 20 to 25 '10 of the natural marine bacterioplankton is removed from the flasks after 90 min.
It is interesting to note, however, that uptake of bacteria can continue after particles >1.58 pm have been largely cleared from the medium. Fig. 2 shows that after 335 min, as much as 65 O/O of the natural marine bacterioplankton is removed from the seawater by the Lynher estuary mussels, even though the bacteria were of a small size and at the relatively low initial concentration of 2.99 X 106 cells ml-'. This suggests that although the natural resource is dominated by particles in the size range 4 to 20 vm, the mussels were also capable of exploiting free-living bacteria at concentrations which occur in the natural environment. Bacteria can become an important component of the available particulate material in upwelling systems and may then form a significant food resource for filter-feeding organisms (Seiderer et al. 1984 , Stuart & Klumpp 1984 , Seiderer & Newell 1985 .
Potential yield in relation to natural resource availability
The particulate yield which is potentially available for exploitation by a 1 g mussel is given by the product of the irrigation rate (V,, l g-1 h-'; equivalent to the clearance rate at 100 % retention efficiency), the particle retention efficiency and the natural resource avdability in each particle size category.
These values are shown for the Lynher estuary population of Mytdus edulis in the final columns of Table 3 whilst those for the Whitsand Bay mussels are summarized in Table 4 . From these data, it can be seen that of the total potential carbon yield of 2028.7 pg h-' from particulate matter in the Lynher estuary, free-living bacteria represented only 1.52 O/O whilst of the potential total nitrogen yield of 251.0 pg h-', free-living bacteria would contribute only 3.07 %. Similarly, out of the total carbon yield of 712.6 pg h-' available from filtration of the Whitsand Bay water, free-living bacteria represented only 1.69 %. Again, out of the total potential nitrogen yield of 77.8 pg h-' from all size fractions, free-living bacteria would supply only 3.9 O/O, provided that all particulate fractions were equally digestible.
DISCUSSION
The results which have been summarized above show that the relative distribution of particles in the water column of the river Lynher estuary and at the open coastal site at Whitsand Bay is broadly similar, with maximum carbon and nitrogen in the 5 to 25 pm diameter range. The carbon and nitrogen resource in the Lynher estuary is, however, approximately 3 times that in the water at Whitsand Bay, with the result that the relative significance of free-living bacteria as a carbon and nitrogen source is higher at the open sea site than in the estuarine waters.
Where the resource is dominated by particles in the larger size fractions, as occurs under natural conditions both in the Lynher estuary and under f d y marine conditions at Whitsand Bay, the local mussels exploit large particles preferentially to free-living bacteria. The latter, however, represent an exploitable resource in the absence of larger parbcles, a 65 O/O removal of natural marine bacterioplankton occurring in experimental vessels after 335 min at 14 "C (Fig. 1) . A similar uptake of bacterial suspensions by the clam Venus verrucosa has recently been described by Amouroux (1986) .
The ability of bivalves to filter particles in the bacterial size range, and to remove bacterioplankton from natural seawater, is, however, of little ecological significance unless the bacterial resource could meet the carbon and nitrogen demands of the consumer. Some estimate of the significance of bacteria as a trophc resource can be obtained from the carbon and nitrogen requirements of mussels in relation to the yield obtained from filtration of natural bacterioplankton. Bayne & Widdows (1978) g v e values for the oxygen consumption of the Lynher population of mussels as 550 O2 g-I h-' and an absorption efficiency of 40 '10. The minimum carbon requirements for respiration are calculated using the following equation:
tion efficiency (%) = carbon requirements for resplration (pg C g-' h-'),
where 22.4 pl 0 2 = 12 'gC. Thus carbon requirements are: 12 100 550 X -X -= 736.5 pg C g-' h-'
40
Inspection of Tables 3 & 4 shows that the total carbon resource in the Lynher estuary is more than double this, reflecting a high particulate load and suggesting that there is considerable scope for growth and gametogenesis. Exploitation of the entire parhcle spectrum which is probably completed by living phytoplankton cells would, however, be barely adequate for the Whitsand Bay population to achieve a positive scope for growth, since the total carbon yield from all size classes was only 712.6 pg h-'. The carbon yleld from the free-living bacterial resource would make a contribution of only ca 1.6 % to the carbon budget of the open coast population of mussels and 4.2 O/O of the budget for Lynher mussels.
In much the same way, the resource availability in relation to minimum nitrogen demand can be estimated from the excretion values of 15 to 25 pg N g-' h-' and the protein absorption efficiency of 33 ' 1 0 obtained by Bayne & Widdows (1978) for Mytilus edulis. The minimum nitrogen requirements would thus be 45.5 kg g-' h-', a value which could be met by utilisation of the complete resource available at the open coastal site. Particulate nitrogen resources considerably exceed nitrogen requirements by estuarine mussels. Free-living bacteria alone could meet only 7 O/O of the nitrogen requirements of the mussels from the open coastal site, but as much as 17 O/O of those from the Lynher estuary. Because of the high density of bacteria in the Lynher estuary, they may be more important as a nitrogen source than particles up to about 2.5 pm in diameter which would include smaller Protozoa.
Natural marine bacterioplankton at the concentrations which we recorded in the water column in September 1984 thus appear to make an insignificant contribution to the carbon and nitrogen requirements of mussels from either the estuarine site on the river Lynher estuary or on the open coastal site at Whitsand Bay, Cornwall. In both cases the maximal yield is obtained from particles in the size range 5.0 to 25.0 pm, the full range of suspended particles being required to meet the estimated carbon and nitrogen requirements of mussels on the open coastal site.
These results support those from upwehng areas where mussels have been shown to exploit phytoplankton rather than free-living bacteria as a primary nutritional resource (Stuart & Klumpp 1984 , Seiderer & Newell 1985 . In other systems, however, and during periods of upwelling when phytoplankton is scarce, bacterial abundances may considerably exceed those recorded in the study (Wright et al. 1982 , Berry & Schleyer 1983 , Seiderer & Newel1 1985 . In the Southern Benguela upwelling system, for example, bacterial numbers may reach 6.0 X 106 cells ml-', the mean carbon and nitrogen resource ranging from 58 to 82 kg C 1-' and 16 to 24 pg N 1-' (Seiderer & Newell 1985) . Under these conditions, and in the absence of sufficient phytoplankton to meet consumer demands, the bacterioplankton may make a more important contribution to the carbon and particularly nitrogen requirements of macrofaunal filter-feeding organisms than that recorded in this study.
